The introduction of next generation sequencing (NGS) has revolutionized research in many areas (1, 2) , especially affecting our fundamental understanding of the genome and its subparts (3) . A multitude of protocols exist for specialized nucleic acid preparations for NGS, DNA sequencing, RNA sequencing (4) and ChIP-seq (5) .
Despite advances in technology, whole genome sequencing for large genomes is still associated with tremendous cost and workload. If the research is focused only against a subset of the whole genome, genome partitioning methods may be used to selectively enrich for the region of interest (6) . Targeted enrichment is employed in many areas of genetic research like whole exome sequencing (7), sequencing of causal disease genes (8) , and extensive resequencing for large cohorts (9) .
There are various approaches for targeted enrichment available. Most commonly used techniques are based on hybrid capture, PCR, and molecular inversion probes (10) . For large target regions, hybrid capture has turned out to be the most efficient. A main advantage of this approach is enrichment in-solution (11) rather than on microarrays (12) ; this provides easier handling and requires less DNA. In-solution capture often applies biotinylated RNA bait molecules transcribed from DNA template oligo libraries, which are the key component and main cost.
In this study, our goal was to reduce enrichment costs by omitting repeated synthesis of DNA template libraries for recurrent generation of RNA baits. This will be most beneficial for projects that require large target regions and large sample numbers to be enriched for sequencing. We set up a simple strategy for the design of DNA template libraries with two main characteristics: unique target sequences that are relatively short (40bp) and tiled along both strands of the target region in an alternating manner; and universal primers that flank each of the baits for library amplification.
To illustrate this method, we designed a DNA template library for 966 cancer associated genes. The library was ordered from MYcroarray, transcribed into RNA baits, and used for enrichment. The efficacy of our approach was demonstrated by comparison with the SureSelect Kit from Agilent. Both systems were used to enrich cancer associated genes of the cell line SW480 (13) , an important model in colorectal cancer research.
Our next step was to amplify the DNA template library by water-in-oil emulsion PCR to prevent the introduction of amplification biases (14, 15) . Using this approach, we show evidence of bias free amplification and virtual immortalization of a DNA template library. For recurrent analyses in cases such as diagnostics, enrichment costs may be reduced significantly by using a short immortalized DNA template library (SIMLY), which is described here.
Materials and methods

Bait library design
For targeted enrichment, we compiled a list of cancer associated genes from different sources. The list included 408 genes from the Cancer Gene Census catalog (CGC) and 383 genes from the COSMIC database (v47). The Cosmic database lists 120,000 published mutations within 4200 genes of 100,000 different human cancer samples. We selected all genes that were reported as mutant more than three times and were not already covered by the CGC data set. Another 175 genes were selected because they were known to be associated with cancer (e.g., BBC3, PSEN1), to be involved in cancer relevant pathways (e.g., IRAK1), or have been identified in cancer genome sequencing projects running at the Max Planck Institute for Molecular Genetics (e.g., RAPGEF1). In total 966 genes were targeted.
In addition, 481 ultra-conserved regions were targeted, since highly conserved regions are likely to be functionally relevant in processes Creation and application of immortalized bait libraries for targeted enrichment and next-generation sequencing
Since the introduction of next-generation sequencing, several techniques have been developed to selectively enrich and sequence specific parts of the genome at high coverage. These techniques include enzymatic methods employing molecular inversion probes, PCR based approaches, hybrid capture, and in-solution capture. In-solution capture employs RNA probes transcribed from a pool of DNA template oligos designed to match regions of interest to specifically bind and enrich genomic DNA fragments. This method is highly efficient, especially if genomic target regions are large in size or quantity. Diverse in-solution capture kits are available, but are costly when large sample numbers need to be analyzed. Here we present a cost-effective strategy for the design of custom DNA libraries, their transcription into RNA libraries, and application for in-solution capture. We show the efficacy by comparing the method to a commercial kit and further demonstrate that emulsion PCR can be used for bias free amplification and virtual immortalization of DNA template libraries.
such as long-range transcriptional regulation (16) . The corresponding probes made up about 3% of the total number of probes.
For gene identification, we used Entrez Gene IDs, while probe design was based on UCSC gene annotation. Entrez Gene IDs were mapped to UCSC gene annotations using the UCSC mapping table "knownToLocusLink" based on hg19. All UCSC exons and ultra conserved regions were intersected to obtain a non-redundant and non-overlapping set of target regions. Probes of 40 bp were tiled along the full length of each target region with gaps of 10 bp in between. Probes were designed to target the plus and minus strand in an alternating fashion, enabling binding of both strands of the prepared fragment library. For short target regions, we designed more probes to improve efficiency, with 3 probes for every ≤50 bp target region and 4 probes for 50-200 bp target regions. To minimize enrichment of repeating elements, repeat masking was performed and probes with repeating elements were excluded. Probe design for the target region resulted in 89,909 oligos, of which 87,119 oligos targeted coding exons of proven and presumed cancer genes while 2790 probes targeted ultra-conserved regions. The total size of the target region was 3.7 Mb with 18,713 targeted loci.
The individual oligos were comprised of a 40 bp unique target sequence plus a universal T7 promoter 5′ sequence (5′-TAATACGACTCACTATAGGG-3′) and a universal 3′ sequence (5′-GCACTG-CAAAAAGCAGGCTC-3′), with a total length of 80 bp. The universal sequences allow library amplification and transcription into biotin labeled RNA baits. The DNA template library was ordered as custom synthesis from MYcroarray (Ann Arbor, MI, USA) and resuspended to 50 ng/µL after delivery.
Amplification and tailing of bait library by emulsion PCR Amplification and PCR tailing of the template library was performed by standard PCR and water-in-oil emulsion PCR with Phusion Taq (NEB/Finnzymes, Frankfurt, Germany) containing 10 ng template library in 50 µL PCR reactions (10 µL 5x HF buffer, 0.5 mM dNTPs, 1 mM each forward and reverse primer, 0.5 µL Phusion Taq; 95°C for 1 min, [98°C for 5 s, 55°C for 10 s, 72°C for 20 s]x15 cycles, 72°C for 2 min). Library amplification was performed with the universal primers (T7-for: 5′-TAATACGACT-CACTATAGGG-3′ and uni-reverse: 5′-GCACTGCAAAAAGCAGGCTC-3′; all oligos were synthesized by Metabion, Munich, Germany) in emulsion as described (15) . In brief, 1x PCR master mix was emulsified with 6x oil mix. After 15 PCR cycles, products were cleaned by emulsion breaking and column purification. Tailing of the library with barcoded P1 primers (P1-tag1: 5′-CCA-CTACGCCTCCGCTTTCCTCTC-TATGGGCAGTCGGTGATCTCT-AATACGACTCACTATAGGG-3′ and P1-tag2: 5′-CCACTACGCCTCCGCTT TCCTCTCTATGGGCAGTCGGTGA TGAGTAATACGACTCACTATAGGG -3′) and P2 primer (5′-CTGCCCCGGGT-TCCTCATTCTGCACTGCAAAAAG CAGGCTC -3′) was performed for 5 cycles of PCR, enabling SOLiD sequencing. To map the bait library, all 50mer reads were aligned to the probe sequences, including the T7 sequence and barcode (CTC/GAG), using the Bioscope Alignment module in classic mode and allowing for 5 mismatches. When the enrichment results were mapped, all 50mer reads mapped to hg19. The Bioscope Alignment module was used in seed and extend mode, using the first 25 bp of the reads as seeds for the first round and 25 bp starting at the 15 th base in the second round, allowing 2 mismatches in both rounds and a mismatch penalty score of -2 for extension. The attached T7-tag included in the two bait libraries prevented probe reads from mapping to hg19. After mapping, the maToBam plugin was used to filter out all non-uniquely positioned reads in the genome. Single nucleotide variants (SNV) were called with the Bioscope DiBayes SNP module. Stringency parameters were set to medium and het.skip.high.coverage set to 0, allowing the algorithm to call heterozygous SNVs for targeted resequencing approaches.
Results and discussion
While developing a method for targeted enrichment based on a short immortalized library, we selected 966 common cancer genes. We performed targeted enrichment and sequencing of genomic DNA derived from the human colon cancer cell line, SW480. Furthermore, we used water-in-oil emulsion PCR to amplify the bait library and demonstrated bias free amplification by sequencing the un-amplified and amplified bait libraries.
A schematic of the experimental design is shown in Figure 1 . Herein, the sequencing of both bait libraries with (w/) and without (w/o) emulsion amplification is depicted, as well as the targeted enrichment by SIMLY and SureSelect bait libraries.
Targeted enrichment by SIMLY This protocol was designed for generating a bait library made of in vitro transcribed and biotin labeled RNA from a DNA template oligo pool made by in situ synthesis on an array from MYcroarray. The template library was designed to comprise 89,909 individual probes with a 5′ T7 adaptor and a 3′ universal adapter (5′-TAATACGACTCACTATAGGG-N 40 -GCACTGCAAAAAGCA-GGCTC-3′, where N 40 denotes the specific probe sequence with 40 bp). The attached T7 Promoter has the advantage of direct RNA transcription, which allowed us to omit the second tailed PCR required by other methods when introducing the promoter (11). Prior to enrichment, target fragment libraries of 150 to 200 bp in length were prepared. To minimize nonspecific binding during hybridization, truncated SOLiD adaptors were used for library preparation with the biotin labeled RNA bait library. After enrichment, the full length primers (P1 and P2) were used to re-amplify the targeted sequences.
By applying SIMLY targeted enrichment, we were able to retrieve approximately 70 percent on-target sequences after read mapping. To accommodate for off-target reads in the vicinity of targeted loci due to the fragment library protruding further into off-target regions, target loci were enlarged by 100 bp for on target statistical calculations. The mean depth of coverage obtained by 24.2 Mb uniquely mapped reads on the targeted region was 280x. The distribution of normalized coverage and percent fraction of the targeted region is shown in Table 1 and Figure 2A . Normalized coverage was calculated by base wise coverage normalization against the average base coverage of all exons with at least one read.
Comparison of SIMLY and SureSelect enrichment
The Agilent SureSelect Whole Exome Kit is one of the most commonly used kits for targeted enrichment. We used this kit for enrichment with the same cell line (SW480) and SOLiD sequencing. Normalized coverage was calculated as described above.
With SIMLY enrichment, we obtained a coverage distribution almost identical to SureSelect Whole Exome enrichment, depicted in Figure 2A . The fraction of the enriched target region over normalized coverage matched for both methods and showed no significant difference over the full range of normalized coverage. For example, almost 60% of the target regions showed a normalized coverage of 0.25 with both methods, while 43% of the regions showed 0.5 and 35% showed 0.75. This high concordance shows that despite differences in library design, bait library generation, and enrichment procedure, both methods have equal efficiency in overall enrichment.
We then generated an overlapping data set containing only the shared fraction of bases for both targeting experiments (in total 15,517 loci covering 2.7 Mb) and similarly calculated a normalized coverage for each intersection locus. Based on this, we compared sequencing coverage for each locus and found the correlation to be 0.37 (see supplementary Figure  1A ). We did not expect to see high correlation since bait design is known to strongly influence enrichment efficacy and this differed between the two experiments (18) . Similarly, the bait library template abundance did not correlate with the sequencing coverage (Pearson´s correlation: -0.12, see supplementary Figure 1B) .
It is well known that the guanine-cytosine (GC) content of the target region is skewed after targeted enrichment, which especially has a negative impact on targeted enrichment with high GC contents (19) . Regardless, for our library design, we did not consider GC-content. To address this issue, we compared normalized coverage of 
A B C
the intersecting regions depending on GC-content ( Figure 2B ) and found that normalized coverage of SIMLY and SureSelect enrichments were similarly biased toward higher GC-contents. The SIMLY approach shows higher coverage for targets with GC contents >55%, while SureSelect shows higher coverage for targets with <55%. This is likely caused by differences in probe length and melting temperatures (Tm). The GC-rich probes of the SureSelect Kit (120 bp) are more likely to bind and pull down off-target sequences through partial annealing than the shorter SIMLY probes (40 bp). On the other hand, SIMLY probes are less likely to pull down AT-rich targets because of their lower Tm and binding strength. These observations suggest that equalizing probe Tm by generating probes of different lengths may result in better coverage distributions of GC-rich and AT-rich targets. Identification of genetic variants such as single nucleotide polymorphisms (SNPs) is a major application of targeted enrichment. Therefore, we compared genotype concordance between sequencing results from SIMLY and SureSelect enrichments with previously obtained data from the Affymetrix Human SNP Array 6.0 ( Figure 2C) . The intersecting region comprises 493 polymorphic loci. 435 (88.4%) of the loci were called identically by all three methods. SIMLY and SureSelect matched for 94.7%, SIMLY and Affymetrix for 90.2%, and SureSelect and Affymetrix for 89.8% of the SNP calls. Accordingly, higher concordance was observed between the independent sequencing data sets than between the sequencing and array results. The median coverage of matching SNP calls in SIMLY and SureSelect was 112x and 23x respectively, while average coverage in mismatched calls dropped to 77x and 11x, respectively. Technical issues therefore are less likely to be the cause of the <95% concordance rate of SIMLY and SureSelect results than the low sequencing depth of the SureSelect experiment.
The shorter SIMLY probes might have altered performance in regions of mismatches. To further address probe performance, we analyzed 402 single nucleotide variations (SNVs) that were identified within the overlapping target region by both methods and had a coverage of ≥ 30x ( Figure 2D ). The normalized ratio of wild type to novel alleles was plotted for each method. By setting a homozygozity cut-off at ≥ 0.8, we found 208 homozygote and 157 heterozygote non-wild type loci in both methods in concordance, while 41 loci were not called in concordance. Eight loci were called homozygous by SureSelect but heterozygous by SIMLY; and nine homozygous calls from SIMLY were heterozygous in SureSelect. For both methods, locus drop-out affected the same number of loci. If SIMLY probes in SNV regions had demonstrated a performance loss, it would be indicated by an increase in loci drop-out when compared with SureSelect, as well as a decrease in the heterozygozity rate. Since no such changes were observed, we conclude that SNVs do not affect SIMLY probe performance.
When addressing the relevance of the detected SNVs in the target region, we compared all SNVs causing amino acid changes to dbSNP, a database holding all known single nucleotide polymorphisms, and the COSMIC database. The majority (~70%) of the SNVs were common SNPs found in ≥ 1% of the dbSNP samples, while ~30% were not present in dbSNP, indicating that they were potentially novel. In particular, we found several non-synonymous SNVs overlapping COSMIC mutations or SNPs that were reported to associate with clinical symptoms. Those Figure 3 gives an example of the coverage for the enriched genomic DNA samples of two genes ( Figure 3A and 3B) . Figure 3C shows of the baits could be identified after mapping the reads against the designed oligos. Therefore, 2355 oligos were not amplified or were missing from the synthesized bait library regardless of the amplification process ( Figure 4A ). To assess the composition of the template library with and without emulsion amplification, mean coverage frequencies were plotted against each other and a Pearson's correlation coefficient of 0.991 was calculated between the two data sets ( Figure 4B) . Accordingly, 98.2% of all baits were identically represented in both pools, either with or without emulsion amplification.
High GC content is known to hinder efficient amplification during PCR. However, the GC-coverage profiles of emulsion amplified and the original library are almost identical and show that no significant amplification bias was caused by GC content ( Figure 4C) . Figure 4A and 4B illustrate the high concordance of the original and emulsion amplified libraries for two target genes. In both cases, exon coverage patterns are almost identical.
In this work, the aim was to establish a cost efficient method for targeted enrichment based on in-solution capture. We succeeded in targeting 966 cancer associated genes with a total target region size of 3.7 Mb.
We also demonstrated amplification of the synthesized template library using water-in-oil emulsion PCR. We did not find evidence of amplification biases and concluded that this strategy enables copious enrichments from one synthesized bait library stock.
By applying the SIMLY enrichment procedure, costs for targeted enrichment can be reduced by an order of magnitude compared with current commercial kits. In detail, costs for the described enrichment were as follows: template library synthesis cost 1000 USD; targeted enrichment per sample cost about 30 USD, including T7 transcription, enrichment with beads, and PCR or purification. To perform a targeted enrichment experiment with 100 samples, the total cost for enrichment would be 4000 USD. In comparison, a targeted enrichment for a similar target region size performed with SureSelect would cost about 35,000 USD. Final costs for targeted enrichment largely depend on the number of samples to be enriched, because upfront expenses for template library synthesis need to be averaged between all samples.
In conclusion, NGS and targeted enrichment has proven to be a very powerful tool in genetic research and is anticipated to grow further into diagnostic applications. Being able to reduce costs for targeted enrichment might even strengthen these efforts and help open targeted enrichment to an even greater portion of the research community.
